Mitochondria carrier proteins, which possess six transmembrane spans (TM), are transported by the TIM22 complex. By using a quantitative proteomic approach, Gomkale and Cruz-Zaragoza et al. reveal subunits of the mitochondrial pyruvate carrier (MPC) that possess two or three TMs as unexpected substrates of the carrier pathway.
SUMMARY
In mitochondria, the carrier translocase (TIM22 complex) facilitates membrane insertion of multi-spanning proteins with internal targeting signals into the inner membrane [1] [2] [3] . Tom70, a subunit of TOM complex, represents the major receptor for these precursors [2, [4] [5] [6] . After transport across the outer membrane, the hydrophobic carriers engage with the small TIM protein complex composed of Tim9 and Tim10 for transport across the intermembrane space (IMS) toward the TIM22 complex [7] [8] [9] [10] [11] [12] . Tim22 represents the pore-forming core unit of the complex [13, 14] . Only a small subset of TIM22 cargo molecules, containing four or six transmembrane spans, have been experimentally defined. Here, we used a tim22 temperature-conditional mutant to define the TIM22 substrate spectrum. Along with carrier-like cargo proteins, we identified subunits of the mitochondrial pyruvate carrier (MPC) as unconventional TIM22 cargos. MPC proteins represent substrates with atypical topology for this transport pathway. In agreement with this, a patient affected in TIM22 function displays reduced MPC levels. Our findings broaden the repertoire of carrier pathway substrates and challenge current concepts of TIM22-mediated transport processes.
RESULTS

Inactivation of TIM22 for Quantitative Proteomic Analyses
Multi-spanning inner mitochondrial membrane (IMM) proteins with internal targeting signals utilize the carrier import pathway ( Figure 1A) . However, only a few of these cargo molecules have been experimentally defined by in vitro import analyses (AAC, Mir1, Tim22, Mrs3, Tim17, Tim23, and DiC) [9, [14] [15] [16] [17] . To broaden the substrate spectrum of this pathway, we established a quantitative proteomic approach following the concept of importomics [18] by using a tim22 temperature-conditional (ts) yeast mutant tim22-14 [19] . tim22-14 mitochondria that were shifted to the non-permissive temperature prior to import analyses display assembly defects for the well-defined substrates Mir1 and Tim23 ( Figures 1B and 1C ). This import defect was also apparent in vivo, where an N-terminally GFP-tagged Mir1 mislocalized from mitochondria upon shift of tim22-14 cells to the non-permissive temperature ( Figure S1A ). To this end, mitochondria were isolated from wild-type (WT) and tim22-14 cells after growing them either at 25 C or 37 C. At the nonpermissive temperature, tim22-14 mitochondria displayed reduced levels of Mir1 (36.5% of WT) and Aac2, whereas the mutant Tim22 was undetectable ( Figure S1B ). Components of other mitochondrial complexes were not significantly affected. Therefore, we subjected tim22-14 cells to extended growth times (15, 25 , and 40 h) at the non-permissive temperature for subsequent proteomic analyses of purified mitochondria. Mitochondria isolated from all eight conditions were analyzed for steady-state protein levels ( Figure 1D ). As expected, Tim22 was moderately reduced at the 0 h time point in tim22-14 and could not be detected at longer time points. The carriers Mir1 and Aac2 displayed reduced levels with increasing growth time at the non-permissive temperature (48.8% and 45.7% of WT at 25 h, respectively). However, other substrates of the TIM22 complex, Tim17 and to a lesser extent Tim23 were affected (54.2% and 80.3% of WT at 25 h, respectively). Blue native (BN)-PAGE analyses revealed that the levels of Aac2 and Mir1 were reduced in mitochondria isolated from tim22-14 cells grown at the nonpermissive temperature, whereas complex V was not affected ( Figure 1E ).
Purified mitochondria isolated under the conditions described above were subjected to differential stable isotope dimethylbased labeling and mass spectrometric analyses. Under nonpermissive conditions, Tim22 was more than ten times less (legend continued on next page) abundant in tim22-14 mitochondria than in the WT control. Among the most severely affected proteins were the mitochondrial inner membrane carrier proteins ( Figure S1C ; Table S1 ). On average, most of the known carrier proteins were significantly less abundant in tim22-14 than the WT ( Figure 1F ), supporting the idea that potential cargo candidates for the TIM22 complex should be reduced. In agreement with the mass spectrometric data, the citrate and oxoglutarate carrier (Yhm2) displayed reduced protein levels in tim22-14 mitochondria with increasing time at 37 C ( Figure 1G ). We conclude that the mass-spectrometry-based analyses of tim22-14 mitochondria enabled us to identify known and new potential substrates of the TIM22 complex.
Identification of Potential Carrier Cargo Proteins
To confirm that selected putative carrier substrates identified by proteomic analyses depended on the TIM22 pathway, we analyzed the import into purified mitochondria from cells grown at a permissive temperature. To exclude indirect effects of the tim22 mutant on the presequence pathway, we imported the model matrix proteins Su9-DHFR and Atp5. Both precursors were efficiently imported into WT and tim22-14 mitochondria after heat shock ( Figure S2A ). Moreover, imported Atp5 assembled with similar efficiency into the F 1 F o -ATP synthase in both strains ( Figure S2B ). The import of the carrier proteins Yhm2, Crc1 (carnitine carrier), Odc1 (oxodicarboxylate carrier), and the glycine transporter Hem25 (Heme synthesis by SLC25 family member), which display standard six transmembrane topology, has not been investigated. Since they were identified as candidate cargo proteins, we performed in vitro import and assembly assays of [ 35 S]labeled proteins into WT and tim22-14 mitochondria combined with BN-PAGE analyses. As assessed by western blot and assembly analysis, Yhm2 steady-state levels and import were reduced in tim22-14 mitochondria (Figures 2A and 2B) . Similarly, Crc1, Odc1, and Hem25 assembly were affected in tim22-14 mitochondria ( Figures 2C-2E ). To assess dependence on the receptor Tom70 and the small TIM chaperone complex, these proteins were imported into tim10-2 [10] and tom70/71DD [20] mitochondria. In both cases, reduced assembly was apparent ( Figures 2F and S2C ). These results confirmed the mass spectrometric data that Yhm2, Crc1, Odc1, and Hem25 are substrates of the carrier transport pathway.
Two uncharacterized mitochondrial proteins, Yfr045w and Ypr011c, displayed reduced levels in tim22-14 ( Figure 1F ). In silico analyses suggested both proteins as members of the mitochondrial transporter family [21] . However, metazoan homologs were not apparent. Transmembrane domain prediction algorithms suggest that Yfr045w contains six transmembrane spans. In contrast, the same algorithms failed to predict transmembrane domains in Ypr011c. Nevertheless, based on protein alignments with Aac3, six transmembrane segments could be suggested with a similar topology to Yfr045w ( Figure S2D ). yfr045wD and ypr011cD mutant cells displayed reduced growth on glycerolcontaining media in comparison with WT cells ( Figure S2E ). This suggested that both proteins were required for mitochondrial activity. Recombinantly expressed Ypr011c was suggested to be a mitochondrial transporter for adenosine 5 0 -phosphosulfate and 3 0 -phospho-adenosine 5 0 -phosphosulfate, whereas in vivo studies suggested a role in thermotolerance of yeast [22] . When we addressed the import of [ 35 S]-labeled Yfr045w and Ypr011c, we found it to be reduced in tim22-14 and tim10-2 mutant mitochondria ( Figures 2G-2I ), indicating that both proteins are inserted into the IMM by the TIM22 complex with contribution of the small Tim proteins.
Pyruvate Carrier Subunits Are Imported along the Carrier Pathway The mitochondrial pyruvate carrier (MPC) is a conserved heterooligomeric complex that transports pyruvate across the mitochondrial inner membrane [23, 24] . In yeast, depending on the carbon source, the functional complex contains Mpc1-Mpc2 as a ''fermentative'' complex and Mpc1-Mpc3 as a ''respiratory'' complex. Mpc1 and Mpc3 levels were reduced in mitochondria upon inactivation of Tim22 ( Figures 1F and 1G ; Table S1 ). We confirmed this reduction by BN-PAGE analyses ( Figure 3A) . A low-molecular-mass Mpc1 form (MPC1*), potentially representing a free Mpc1 pool, was also decreased in mutant mitochondria.
As described above, a hallmark of TIM22-dependent cargo proteins is the even number (four or six) of transmembrane spans with N and the C termini facing the intermembrane space (IMS) [25, 26] . Interestingly, Mpc1 contains two, whereas Mpc2 and Mpc3 contain three putative transmembrane spanning regions ( Figure S3A ). Mpc1 exposes both N and C termini into the matrix, whereas in the case of Mpc2 and Mpc3 the N and the C terminus are exposed to the matrix and the IMS, respectively [27] . This topology and number of transmembrane spans differ significantly from known TIM22 cargo proteins.
When [ 35 S]-labeled Mpc1 was imported into WT mitochondria, it failed to incorporate into the MPC complex. Interestingly, in mpc1D mitochondria, the imported Mpc1 protein assembled efficiently into the MPC complex ( Figure 3B ). This is similar to a phenomenon observed before, where radiolabelled Tim18, Tim22, Tim54, and Tim23 showed an improved incorporation into the TIM22 and TIM23 complexes when the corresponding endogenous protein was downregulated or absent [19, 28] . To address whether Mpc1 import and assembly depend on the carrier pathway, the MPC1 gene was deleted in WT, tim22-14, and tim10-2 mutants. When [ 35 S]-labeled Mpc1 was imported in tim22-14 and tim10-2 mitochondria, Mpc1 assembly was affected ( Figure 3C ), whereas import and assembly of the presequence pathway substrate Atp5 were not compromised ( Figure 3D ). Moreover, the mutant cells did not display a significant difference in inner membrane potential in comparison to the WT ( Figure 3E ).
(F) Proteomic analyses of tim22-14 versus WT mitochondria. Mean log 2 ratio-intensity plot mitochondria are shown. The ratio-intensity mean plot shows the effect of loss of Tim22 function on the abundance of mitochondrial carrier proteins (in red, blue for MPC subunits). Filled circles indicate proteins significantly altered in abundance. (G) Immunodetection of selected proteins in WT and tim22-14 mitochondria. Dc, membrane potential; N, N terminus; C, C terminus; Cyt., cytoplasm; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane; IMS, intermembrane space; Matr., matrix. See also Figure S1 and Table S1 .
Mpc3 and Mpc2 imports were also affected in tim22-14 (73.4% and 51.1% of WT, respectively) and tim10-2 (59.7% and 51.8%, respectively) mitochondria (Figures 3F, 3H, and S3B). Furthermore, Mpc3 and Mpc2 import was reduced in tom70/71DD receptor mutant mitochondria, supporting the idea that these proteins are imported along the carrier pathway ( Figure S3C ). To exclude that the reduction of Mpc3 assembly in tim22-14 was due to inactivation of Tim22 and not indirectly caused by reduced levels of Mpc1 in this strain, we imported Mpc3 into mpc1D and tim22-14/mpc1D mitochondria. Indeed, (legend continued on next page) Current Biology 30, 1119-1127, March 23, 2020 1123 a reduction in assembly was observed in tim22-14/mpc1D mutant mitochondria (72.79% of WT), indicating dependence of Mpc3 import on Tim22 ( Figure 3G ). To corroborate that the MPC subunit biogenesis was dependent on Tim22, a second approach was established in which Tim22 levels were reduced with the aid of the GAL1 promoter. Steady-state levels of Tim22 and Mpc1 in mitochondria were drastically reduced, and also the levels of Yhm2 dropped drastically upon Tim22 depletion ( Figure 3I ). Because the mitochondrial membrane potential was not affected in Tim22-depleted mitochondria ( Figure 3J ), we imported radiolabelled Mpc2 and Crc1 in vitro into mutant and WT mitochondria. Both Mpc2 (54.9% of WT) and Crc1 assembly were reduced upon depletion of Tim22. Accordingly, tim22-14 mutant cells and Tim22-downregulated cells displayed similar effects on carrier protein import ( Figure 3K and 3L). Finally, to confirm that the MPC subunit import was dependent only on the carrier pathway, the Mpc3 import was carried out in Tim23 N150A mutant mitochondria. In this mutant, Mpc3 import and assembly were not compromised. Instead, we observed a slight increase in the Mpc3 assembly ( Figure S3D ). This effect was similar to what was shown for the AAC assembly in the same strain or other presequence translocase mutants [29-31]. 
A B C D E F
Pyruvate Carrier Biogenesis Is Affected in TIM22 Patient
Mitochondria Human MPC1 and MPC2 are similar to their yeast counterparts in that they contain two and three putative TM segments, respectively ( Figure 4A ). The composition of the human carrier translocase differs from the yeast counterpart [32] . Recently, a mutation in the conserved channel-forming TIM22 subunit has been associated with a human disorder [33] . Therefore, we analyzed MPC1 and MPC2 steady-state levels in isolated mitochondria from control and TIM22 patient fibroblasts. The amount of MPC1 was slightly reduced, whereas MPC2 levels were found to be significantly decreased in patient mitochondria ( Figure 4B ). When we assessed MPC proteins under conditions of TIM22 knockdown in HEK293T cells, we similarly observed reduced amounts of MPC1 and MPC2 in comparison with the control ( Figure 4C ). Therefore, we assessed in vitro import and assembly of MPC1 and MPC2 into isolated HEK293T mitochondria after TIM22 knockdown. Assembly of both proteins into the MPC complex was significantly reduced when TIM22 function was compromised (Figures 4D-4F ). Accordingly, the import of MPC1 and MPC2 depends on the TIM22 complex in human mitochondria. Despite the fact that the composition of the TIM22 complex is different in yeast and human mitochondria, recognition of non-canonical substrates appears to be a conserved mechanism. 
DISCUSSION
In this study, we performed proteomic analyses of tim22-14 yeast mitochondria to define substrates of the carrier transport pathway. Our quantitative analyses identified functionally defined (Yhm2, Crc1, Odc1, and Hem25) and undefined proteins (Yfr045w and Ypr011c) as substrates of the carrier pathway. Transport of the tested proteins was affected to varying degrees in different pathway mutants in in vitro import analyses. It is conceivable that differences in the biophysical properties of the transmembrane spans of the individual protein or differences in their internal targeting signals are at the heart of these distinct requirements and that conditional mutants display a certain substrate specificity. Moreover, our analyses identified pyruvate carrier subunits as non-canonical substrates of the carrier pathway. Reduced levels of MPC1 and MPC2 were also apparent in a patient compromised in carrier import and upon depletion of TIM22 in human cells. Therefore, these proteins are substrates of the carrier pathway in yeast and in human mitochondria despite the drastic differences in the organization of the translocase. These precursors with two or three transmembrane segments do not fit with current concepts of a membrane insertion mechanism of polypeptides in hairpin loops mediated by TIM22 [34, 35] . A net positive charge of the matrix-facing loops has been considered as one of the driving factors for carrier proteins across the membrane [34] . Sequence analysis of the MPC proteins revealed that the matrix-facing N termini are positively charged. It is tempting to speculate that these drive the translocation across the inner membrane by the TIM22 complex. Detailed biochemical analyses will be required to understand the translocation process in the light of these unexpected findings.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Yeast growth and handling S. cerevisiae strains used in this study were YPH499 and BY4741. The genotypes are listed in the Key Resources Table. Cells were grown in YP media (1% yeast extract, 2% peptone) containing 2% glucose (YPD) or 3% glycerol (YPG) as a carbon source. YPH499, BY4741, yfr045wD, ypr011cD and tom70/tom71 DD [20] strains were grown at 30 C with shaking. Temperature sensitive (ts) strains tim22-14 [19] and tim10-2 [10] were cultivated at 24 C and 19 C, respectively. For proteomic analysis, incubation of temperature conditional mutant strains was carried out at 37 C for indicated times. For growth on plates, 1.5% agar was added to synthetic YPD, YPG or YPL (3% lactate, pH 5.0) media. For comparing growth of different strains, serial dilutions of an overnight growing culture were prepared and plated on appropriate plates. These plates were incubated at 24 C, 30 C, and 37 C for 3-5 days. GFP-Mir1 was expressed in YPH499 and tim22-14 cells. For this MIR1 was cloned into pUG36. The resulting plasmid (pRG3) was transformed into yeast strains. Transformants were selected on SD-Ura (selective media lacking uracil Gal1 promoter is activated in the presence of Galactose and repressed in Glucose. For downregulation of Tim22 expression, yeast cells were pre-cultured in YP media with 3% Lactate, 1% Galactose and 1% Raffinose pH 5.0 for 25 hours at 30 C. Subsequently, the cells were cultured in YP media with 3% Lactate and 0.1% Glucose pH 5.0 for 10 hours at 30 C.
Cell culture and knockdown experiments
Immortalized fibroblasts and HEK293T cells were cultured in DMEM, supplemented with 10% (v/v) heat-inactivated fetal bovine serum (Biochrom, Berlin, Germany), 2 mM L-glutamine, 1 mM sodium pyruvate and 50 mg/ml uridine, and incubated at 37 C with 5% CO 2 . Mitochondria from control and patient fibroblast were isolated after incubating the cells at 50 C for 5 hours and were subjected to SDS-PAGE and western blotting. TIM22 knock down was performed as previously described [37] . An siRNA targeting TIM22 (GUG-AGG-AGC-AGA-AGA-UGA) and the corresponding non-targeting control were purchased from Eurogentec (Liege, Belgium). A concentration of approximately 1.5x10 6 cells/25 cm 2 flask were transfected with 16 nM siRNA. Lipofectamine RNAiMAX (Invitrogen, CA, USA) in OptiMEM-I medium (GIBCO, Thermo Fisher Scientific, MA, USA) was used for transfection, following the manufacturer's instructions. Cells were transfected for 72 h and used for subsequent analyses.
METHOD DETAILS
Isolation of mitochondria
Differential centrifugation of yeast extracts was carried out to isolate mitochondria [39] . Unless otherwise stated, wild-type, tim22-14 and tim10-2 yeast cells were cultured in YPG at 30 C, 24 C, or 19 C to OD 600 of 1.5-2.5 and harvested. The pellet was washed with water and then treated in DTT buffer (10 mM DTT, 100 mM Tris/H 2 SO 4 , pH 9.4) for 30 min at appropriate temperature with shaking. Subsequently, cells were washed and treated with Zymolyase buffer (20 mM KPO 4 , pH 7.4, 1.2 M sorbitol, and 0.57 mg/L zymolyase) for 1 h with shaking at the appropriate temperature. Cells were harvested and washed with zymolyase buffer. Cold homogenization buffer (600 mM sorbitol, 10 mM Tris/HCl, pH 7.4, 1 g/L BSA, 1 mM PMSF, and 1 mM EDTA) was added to the pellet and cells were homogenized using a homogenizer. Mitochondria were obtained by differential centrifugation and resuspended in SEM buffer (250 mM sucrose, 20 mM MOPS/KOH pH 7.2, 1 mM EDTA). They were aliquoted in appropriate volume, flash frozen in liquid nitrogen, and stored at À80 C. Steady-state analysis of proteins was carried out using SDS-PAGE followed by immunodecoration.
For experiments involving human cells, mitochondria used for western blotting purposes were isolated by differential centrifugation as previously described [40] . Briefly, PBS recovered cells were dissolved in isolation buffer (300 mM trehalose, 10 mM KCl, 10 mM HEPES pH 7.4, 2mg/ml BSA, and 2mM PMSF). Cells were subsequently homogenized on ice using a Potter S homogenizer. Cell debris was removed by a first centrifugation step at 400 x g for 10 min at 4 C and after recovering the supernatant a second one at 800 x g for 7 min at 4 C. Mitochondria were collected by centrifugation at 10,000 x g for 10 min at 4 C. Freshly isolated mitochondria were washed in isolation buffer lacking BSA once and protein concentrations were determined by Bradford assay. For import experiments, mitochondria were isolated as previously described [41] . Briefly, cells were resuspended in ice-cold isotonic buffer (10 mM MOPS pH 7.2, 225 mM sucrose, 75 mM mannitol, and 1 mM EGTA) supplemented with 2 mM PMSF and 2 mg/ml BSA and subjected to centrifugation at 1,000 x g for 5 min at 4 C. The cell pellet was subsequently resuspended in cold hypotonic buffer (10 mM MOPS pH 7.2, 100 mM sucrose, and 1 mM EGTA) and incubated on ice for 7 min. The cell suspension was homogenized in a Dounce glass homogenizer. Cold hypertonic buffer (1.25 M sucrose and 10 mM MOPS pH 7.2) was used to restore isotonic condition and added to the cell homogenate. The homogenate was subjected to centrifugation at 1,000 x g for 10 min at 4 C to pellet the cellular debris, recovering the supernatant and repeating this step. Mitochondria were pelleted by centrifuging the supernatant at 10,000 x g for 10 min at 4 C and washed once with isotonic buffer without BSA. Protein concentration of isolated mitochondria was determined using the Bradford assay.
Microscopy of yeast cells
Wild-type and tim22-14 cells transformed with the GFP-Mir1 plasmid were grown in SD-Ura media at 25 C overnight. Next day, 0.5 mM MitoTracker TM Orange CMTMRos (Thermo Fisher Scientific, MA, USA) was added to the culture. Cells were kept shaking for 20 min. Afterward, cells were harvested, washed once with media and analyzed using a DeltaVision fluorescence microscope (GE Healthcare, IL, USA). Cells grown overnight at 25 C and temperature shifted to 37 C for 25 h were treated and analyzed as above.
Import of precursor proteins mMessagemMachine SP6 transcription kit (Invitrogen, CA, USA) was used to generate mRNAs in vitro based on the manufacturer's instructions. A DNA fragment for mRNA generation was obtained by PCR using a forward primer containing a SP6 Polymerase binding site (ATTTAGGTGACACTATAG) followed by bases from the 5 0 sequence of the gene and a reverse primer containing bases from the 3 0 end. For synthesis of [ 35 S] methionine labeled protein, in vitro translation was carried out using the Flexi Rabbit Reticulocyte Lysate System (Promega, WI, USA). Prepared lysates were used directly for import reactions. Import reactions were performed as previously described [31], with few modifications. Briefly, mitochondria were suspended in import buffer (250 mM sucrose, 10 mM MOPS/KOH pH 7.2, 80 mM KCl, 2 mM KH 2 PO 4 , 5 mM MgCl 2 , 5 mM methionine and 3% fatty acid-free BSA) supplemented with 2 mM ATP, 2 mM NADH, 5 mM creatine phosphate and 0.1 mg/ml creatine kinase. For all imports into mitochondria from temperature sensitive strains, mitochondria (mutant and control) were subjected to 15 min heat shock at 37 C Figure S1. Carrier protein import is reduced in temperature sensitive Tim22 mutant, Related to Mpc3 was imported into wild type (WT) and Tim23 N150A mutant mitochondria in the presence or absence of a membrane potential. After Proteinase K treatment and solubilization of the samples, proteins were separated by BN-PAGE followed by digital autoradiography. N: N-terminus; C: C-terminus; aa: amino acid; IMM: inner mitochondrial membrane; IMS: intermembrane space; Matr.: matrix; Δy: membrane potential.
